We discuss whether massive neutrinos (either active or sterile) can reconcile some of the tensions within cosmological data that have been brought into focus by the recently released Planck data. We point out that a discrepancy is present when comparing the primary CMB and lensing measurements both from the CMB and galaxy lensing data using CFHTLenS, similar to that which arises when comparing CMB measurements and SZ cluster counts. A consistent picture emerges and including a prior for the cluster constraints and BAOs we find that: for an active neutrino model with 3 degenerate neutrinos, mν = (0.320 ± 0.081) eV, whereas for a sterile neutrino, in addition to 3 neutrinos with a standard hierarchy and mν = 0.06 eV, m eff ν, sterile = (0.450 ± 0.124) eV and ∆N eff = 0.45 ± 0.23. In both cases there is a significant detection of modification to the neutrino sector from the standard model and in the case of the sterile neutrino it is possible to reconcile the BAO and local H0 measurements. However, a caveat to our result is some internal tension between the CMB and lensing/cluster observations, and the masses are in excess of those estimated from the shape of the matter power spectrum from galaxy surveys.
Massive neutrinos are now part of the standard models of particle physics and cosmology. Solar and atmospheric neutrino experiments have measured two differences between the masses squared and from this it can be inferred that the sum of the active neutrino masses, m ν , must be at least 0.06 eV [1] . This is the quantity that can be constrained by cosmological observations. In addition, some experiments suggest that there could be a sterile neutrino that does not interact with the standard model [2] , but in the context of cosmology still contributes a mass, m eff ν, sterile , and in a model dependent way an increase in the number of effective relativistic degrees of freedom, N eff = 3.046 + ∆N eff .
Using observations of the angular power spectrum of temperature anisotropies in the Cosmic Microwave Background (CMB) from the Planck satellite [3] , polarisation measurements from the Wilkinson Microwave Anisotropy Probe (WMAP) [4] and observations of Baryonic Acoustic Oscillations (BAOs) [5] [6] [7] [8] , a constraint of m ν < 0.248 eV (95% Confidence Level -CL) has been achieved in the case of active neutrinos [9] , whereas in the sterile case N eff < 3.80 and m eff ν, sterile < 0.42 eV (95% CL) for the case of a thermal sterile neutrino with mass < 10 eV. This analysis, which will be referred to as Planck CMB+WP+BAO below, was performed by adding m ν in the active case, or m eff ν, sterile and N eff in the sterile case to the standard 6 parame- parameter used in the fit is the acoustic scale, θ MC . The primordial power spectrum is described by an amplitude, A S , and spectral index, n S . The optical depth to the epoch of reionization is τ .
In addition, the results of Planck have highlighted a possible discrepancy between the cosmological parameters preferred by CMB data and BAOs, and those which come from fitting the counts of galaxy clusters selected using the Sunyaev Zeldovich (SZ) effect [10] . This is best quantified in terms of derived parameters Ω m = Ω b + Ω c and σ 8 , which are the total matter density relative to critical and the amplitude of fluctuations on 8h −1 Mpc scales, respectively, and Ω c includes the neutrino contribution. Using a bias between the hydrostatic mass and the true mass of 20% (1 − b = 0.8 in the parlance of [10] ) the SZ cluster counts require σ 8 (Ω m /0.27) 0.3 = 0.78 ± 0.01, which is lower than preferred by CMB data. A similar discrepancy can be inferred from other measurements of cluster number counts using the SZ [11, 12] , X-rays [13] and optical richness [14] . This could be due to a number of incorrect assumptions in calculation of the cluster number counts which are in common between the different analyses, for example, the relationship between the observable and the true mass or mass function. However, it could also be as a result of additional physics that is missing from the standard 6 parameter model and in [10] it was suggested that massive active neutrinos could lead to an improved fit, with m ν = (0.22 ± 0.09) eV from an analysis of CMB+SZ+BAO. Although not explicitly discussed there a similar effect could be achieved from the inclusion of sterile neutrinos.
In this letter we will make the case that this explanation of the discrepancy between the CMB and cluster counts is also favoured by lensing data. This data comes from CMB lensing as detected by Planck [15] and the South Pole Telescope (SPT) [16] , and also from galaxy lensing detected by the Canada-France-Hawaii Telescope Lensing Survey (CFHTLenS) [17] . A careful reading of [15] and [17] might already suggest this: the increase in the limit m ν for active neutrinos from CMB lensing and the constraint of σ 8 (Ω m /0.27) 0.59 = 0.79 ± 0.03 from the CFHTLenS are both symptoms of this tension. A simple illustration of this point is to just compare the expected lensing spectra for the best fitting models to Planck CMB+WP+BAO reported in [9] . In Fig. 1 we have plotted the measurements of the CMB lensing power spectrum, C φφ , and the galaxy lensing correlation function, ξ + (θ) (the Hankel transform of the convergence power spectrum P κ ), along with model predictions colour coded by their likelihood. It is clear that, in both cases, those parameter combinations that are a good fit to the CMB+BAO data predict a higher level of lensing correlations than observed (∆χ 2 ∼ 20), indicating that there could be something missing within the model. We will make this explicit by performing a full joint likelihood analysis of the publicly available lensing data and combining this with a prior on σ 8 (Ω m /0.27) 0.3 coming from the SZ cluster counts, which will lead to a significant preference for such models. We note that this is not equivalent to performing a full joint analysis including the SZ likelihood -which is not publicly available -but we have tested that this leads to similar results to those presented in [10] .
There are two separate analyses that we have performed: a model with the standard six parameters, p, and 1 extra parameter m ν with N ν = 3 (N ν is the number of massive neutrinos) and N eff = 3.046; a model with a total of 8 parameters -p + {m eff ν, sterile , N eff } -and m ν = 0.06 eV, N ν = 1 (the other neutrinos in the standard hierarchy are massless). The first represents a degenerate active neutrino scenario, that is appropriate for large values of m ν , whereas the second is a sterile neutrino scenario with active neutrinos in a standard hierarchy that has the lowest value of m ν allowed by the solar and atmospheric constraints on the mass differences.
In both cases we will follow the procedure outlined in [10] and use the Planck likelihood [20] that includes a number of nuisance parameters describing the contamination from our own galaxy, extragalactic sources and the SZ effect. We will consider three data combinations: (I) Planck CMB+WP+BAO; (II) Planck CMB+WP+BAO+lensing where lensing is both the CMB lensing from Planck and SPT and galaxy lensing from CFHTLenS; (III) Planck CMB+WP+BAO+lensing+SZ cluster counts imposed using a prior in the σ 8 − Ω m plane of σ 8 (Ω m /0.27) 0.3 = 0.78 ± 0.01. For CFHTLenS we use the ξ ± correlation functions and covariance matrix as described in [17] , choosing the smallest and largest angular scales to be 0.9 and 300 arcmin respectively. To compare the shear with that measured from large scale structure we correct the power spectrum on non-linear scales using the Halofit fitting formulae [18, 19] . For SPT lensing data we follow The CMB lensing power spectrum (top) data points from Planck (green squares) and SPT (blue squares) and the shear correlation function ξ + from CFHTLenS (bottom), compared to predictions for parameters from samples of the Planck CMB+WP+BAO MCMC chains (ΛCDM, zero neutrino mass) with non-linear corrections [18, 19] . In both cases, the data is systematically lower than theory, although the significance is somewhat lower than the eye would suggest in the case of CFHTLenS due to correlations between data points, which ranges from ∼ 10% to ∼ 50% on small and large scales respectively. SPT data has a similar level of correlation, and for Planck the correlation is negligible.
the same procedure as in [16] , rescaling the diagonals of the covariance matrix according to sample variance, and adding an additional calibration-induced uncertainty to the covariance.
Detailed constraints on the parameters are presented in table I. We first turn our attention to the active neutrino case. In Fig. 2 we present the 1D likelihood for m ν which illustrates that the upper bound of m ν < 0.254 eV that we find in the case of (I) is weakened by the inclusion of the lensing data and that a peak develops in the likelihood at non-zero m ν . By itself the lensing data is not sufficiently strong to induce a strong preference, but the inclusion of the prior from the SZ cluster catalogue leads to m ν = (0.320 ± 0.081) eV, which corresponds to ≈ 4σ detection of m ν > 0. We now consider the sterile neutrino model which leads to a similar, but even stronger result. The re- mν . The datasets are colour coded in the legend, but the solid line is for (I), the dashed line is for (II) and the dotted line is for (III). It is clear that inclusion of lensing leads to a preference for mν > 0 which is compatible with that coming from the SZ cluster counts and that there is a strong preference (≈ 4σ) in the case of dataset (III).
sults are present in Fig. 3 . For (II) we find that there is a 2.3σ preference for m The sterile neutrino model has the added feature that it can be made compatible with the direct measurement of Hubble's constant from Cepheid variables in nearby galaxies which appears to be at odds with the values of inferred by CMB analyses [21] . This is illustrated by preferred values of H 0 in these models presented in table I being significantly larger than in the active neutrino model without leading to an increased −2 ln L BAO . Including the prior h = 0.738±0.024 from [22] It is also instructive to perform the same analysis with WMAP 9-year plus high-data in the place of Planck for (III) (see [9] for details of the high-analysis). We find m ν = (0.297 ± 0.084) eV in the active neutrino model and m The main argument that we have presented in this paper is that amplitude of Large-Scale Structure (LSS) when normalized to the amplitude of CMB fluctuations are in excess of that inferred by lensing and cluster counts, and indeed that these two measures of the amplitude of the power spectrum are consistent. If we add massive neutrinos -either active or sterile -to the cosmological model then we get significant detections that are due to the decrease in small-relative to large-scale power in such models. These measures of the amplitude of LSS are not without their modelling difficulties, but the fact that they appear to agree is encouraging. There are, however, caveats to what we have said. Firstly, we note that the improved global fit when including massive neutrinos is usually at the expense of an increase in −2 ln L CMB . This increase is ≈ 6.3 for the best-fitting model in the active neutrino case and ≈ 4.4 for sterile neutrinos. This is outweighed by the significant reductions in −2 ln L Lensing and −2 ln L SZ (see table I), but is reflected by the fact that preferred values in the case of detections overlap somewhat the 95% CL limits in the case of (I). We have quantified this tension by performing a separate analysis for the active neutrino case. A Bayesian approach is to assume there are two neutrino masses in the MCMC, one for the CMB + BAO part of the likelihood, m CMB+BAO ν , and one for the LSS component, m LSS ν , and they otherwise share the same cosmological parameters. We find the marginalised posterior in the case of (III) is m LSS ν − m CMB+BAO ν > 0 at 2.8σ. It could be that there exists a variant of the massive neutrino model that leads to a better fit to the CMB data while preserving the positive impact on the amplitude of LSS.
We also note that there are published limits on the m ν that are contrary to the arguments presented here [23, 24] . These are based on the shape of the power spectrum of LSS as opposed to its amplitude. We believe that these constraints could easily be ignored if there were significant scale dependent bias in the galaxy populations detected by the redshift surveys. For example, it has been show [25] that differing amounts of red and blue galaxies in surveys can make it difficult to use the shape to determine cosmological parameters. While we acknowledge the existence of these limits, our opinion is that they are much less reliable than the arguments that we have put forward. Note added for arXiv: As we were preparing to submit this paper, a preprint appeared on the arXiv [26] closely related to this work. Despite the different treatment of CFHTLens data, the results are in excellent agreement. We had only just submitted our paper to the Planck editorial board for review, which took 8 days, explaining the delay in this work appearing.
